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INTRODUCTION 
Interest in the physiology of the rust organisms is based 
upon their economic Importance as plant pathogens, and upon 
©leir inability to continue growth in the absence of a sus­
ceptible host. The current feeling is that if the nutri­
tional problem could be solved, the problem of pathogenicity 
could be approached on a broader and more rational basis. The 
fact that the rusts cannot be grown in culture severely limits 
the attempts to study their physiology. The spore forms, 
which can be germinated in the absence of the host, provide 
the only source of experimental material readily available 
for studies in the physiology of these organisms. 
An understanding of the uredospore germination process 
and the subsequent development of the germ tube is fundamental 
whether the rust organisms are studied as pathogens or are 
regarded as a problem in microbial nutrition. It has been 
observed that the uredospores germinating on a zinc-gelatin 
medium may differentiate structures apparently identical to 
those formed during invasion of the host plant. It was the 
purpose of this study to determine the factors affecting 
uredospore germination and germ tube development and to define 
the conditions leading to germ tube differentiation on arti­
ficial media. 
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REVIEW OP LITERATURE 
Germ Tube Development on the Host 
The development of the geim tubes of Pucolnla coronata 
uredospores as they invade the host plant was first described 
by Pole-Evans (55). Later these observations were extended 
by Hanes (£8) and by Ruttle and Fraser (60) to studies of 
invasion of both resistant and susceptible hosts. In this 
work it was shown that the initial stages are identical re­
gardless of host reaction., The spore germinates on water 
adhering to the leaf or stem and the germ tube grows along 
the surface of the plant. Eventually an appressoriuffi is formed 
over a stomatal opening and a slender penetration hypha grows 
through the opening and swells out into a spindle or canoe-
shaped substomatal vesicle with an off-center septum. From 
the pointed ends of the vesicle narrow infection hyphae de­
velop. In a susceptible host these hyphae produce haustoria 
which actually invade the host cells while the hyphae or 
mycelium continues to ramify throughout the intercellular 
spaces. The process for other rust species is similar but 
somewhat different in detail. 
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Germination Conditions 
A liquid water surface seems to be the most critioal re­
quirement for germination of crown rust uredospores (10, 50). 
Germination percentages are usually lower at 100 per cent 
relative humidity than on water surfaces, still lower at 99 
per cent relative humidity, and very slight at 98 per cent 
relative humidity. Since it is very difficult to maintain 
these near saturation humidities without formation of free 
water around the uredospores it is often assumed that liquid 
water is a requirement for germination. The temperature re­
quirement is less precise (30, 36, 50). Germination can occur 
over a fairly wide temperature range with an optimum range 
from 17° to 22° G. In the only extensive study of the effect 
of pH on germination, Forbes (21) found that crown rust uredo­
spores will germinate over a wide pH ran^e and states that the 
optimum is about pH 6.7. His data cannot be considered en­
tirely reliable because of extreme variation in germination, 
depressed germination apparently due to the buffers employed, 
and because two different buffers were used to cover the pH 
range. Dillon Weston (18) observed that either white light 
or the red-yellow portion of the visible spectrum inhibits 
uredospore germination of several species of Puccinia includ­
ing the crown rust organism. 
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Vesicle Formation in Culture 
During the years that the rusts have been studied, the 
uredospores have been germinated on many growth substrates 
containing various nutrients, vitamins, growth substances, 
and minerals which might be expected to support continued 
saprophytic growth of these organisms (4 , 24 , 25 , 54) . 
Assuming that careful observations of germ tube growth v;ere 
made during these studies, it is interesting to note that no 
mention was made of vesicle formation in culture until Hurd-
Karrer and Hodenhiser (32) published their observations in 
1947. They found that the germ tubes of perhaps 0.1 per cent 
of the germinating uredospores of several Pucclnla species 
foi*med structures corresponding to appressorla and substomatal 
vesicles when germinated on nutrient agar. Generally these 
structures had the same species characteristics as those 
described by Pole-Evans (55). They believed that the nutri­
ent solution was essential, since no vesicles were formed on 
water agar. The nutrient solution contained magnesium sul­
fate, ammonium nitr?:te, calcium nitrate, ferric tartrate, 
phosphate buffer, glucose, and agar. The final pH was about 
6 .  
Dickinson (13, 14, 15, 16, 17) has studied the behavior 
of germinating uredospores under a variety of conditions and 
obtained a very high proportion of vesicle formation when the 
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uredospores were germinatecl on specially prepared wax-gelatin 
membranes. He attributed their formation to a oontact stim­
ulus provided by the membrane. He v/orked primarily with p. 
Klumai'um. P. triticina. and p. Rraminie. 
Sharp and Smith (64) reported formation of character­
istic appressoria and substomatal vesicles by p. coronata in 
response to zinc ions. When the uredospores were germinated 
on a medium consisting of 7 to 10 ppm of zinc in 3 per cent 
gelatin at a pH of 6.1 to 6.5, from 10 to 40 per cent of the 
germ tubes formed appressoria, penetration hyphae, substomatal 
vesicles, and infection hyphae. In later experiments Sharp 
(63) found that vesicles were not formed when agar vas sub­
stituted for gelatin. If a dlalysate or weter extract of 
gelatin was added to the agar the response vjas identical to 
that obtained on gelatin. 
Shaip (63) tested amino acids which were thought to be 
present in the gelatin dlalysate in an attempt to identify 
the substance stimulating vesicle formation on agar but was 
unsuccessful. However, it was found that the addition of 4-
to 8 ppm of sodium rietasilicate to the zinc-agar medium re­
sulted in vesicle formation. 
Other metals such as cadmium, copper, iron, magnesium, 
calcium, molybdenum, cobalt, and manganese were tested over 
a range of concentrations up to the point of toxicity but no 
vesicle formation was observed. 
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Since zinc is a toxic ion and vesicles are formed at a 
point of incipient toxicity it might be assumed that other 
toxicants would be capable of inducing vesicle formation, but 
in rust fungicide studies (4, 5, 11, 31, 40) no mention of 
vesicle formation has been made. It is questionable, however, 
if careful observations of the gerxTdnating uredospores were 
made in all of these studies. 
During an investigation of uredospore self inhibition by 
gramlnia tritici. B'orsyth (22) found that cyclohexene caused 
a shortening of the germ tubes and the production of a swelling 
at the tip of the germ tube which could be an appressorium-like 
structure, but no further development was reported. 
Function of Zinc in Fungi 
Since Sharp's work indicated a highly specific role for 
zinc in germ tube differentiation, it is appropriate to con­
sider briefly tne metabolic function of zinc and its possible 
interactions with other inorganic nutrients. 
Zinc is apparently required in small amounts by all liv­
ing organisms, but its function is not well understood (S). 
It has been observed many times that a zinc deficiency inter­
feres with carbohydrate metabolism In fungi causing an in­
creased production of organic acids and a decreased respira­
tory quotient. A considerable amount of speculation has 
7 
centered around this observation, but Chesters and Rollnson 
(9) have shown that a deficiency of other micronutrients pro­
duces similar metabolic effects. A v?08Slble repson for the 
interference in carbohysirate metabolism wss advanced by Foster 
and Denison (23) who found a decreased pyruvic decarboxylase 
activity in zinc-deficient Rhlzopus nigricans. Zinc is not 
a component of this enzyme. 
Zinc deficiency in Neurospora Increased desoxyrlbonu-
clease activity, decreased alcohol dehydrogenase which Is a 
zinc containing enzyice in yeast, and decreased the activity 
of the enzyme coupling serine and indole to form tryptophane 
(51, 52). High, partially toxic concentrations of zinc also 
influenced enzyme constitution in Neurospora (29). The cata-
lase activity was increased, the dye oxidase activity de­
creased, the peroxidase activity unchanged, and the succinic 
dehydrogenase reduced to cbout 80 per cent of normal. 
Direct zinc particips'tlon in metabolism Is most clearly 
indicated by its specific function in metalloen?,ymes (69). 
It is an integral component of the widely distributed car­
bonic anhydrase and is also a constituent of alcohol dehydro­
genase from yeast sjid carbox3''peptidEse. In these enzymes the 
zinc is bound firmly and stoichlometrlcally to the protein. 
Other enzymes may be activated by zinc taut the interaction Is 
less specific. 
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Ion Antagonism 
The concept of ion antagonism has been a useful guide in 
some aspects of this work. This principle was recognized in 
1882 and has been studied extensively since that time. Oster-
hout (53) at one time believed that ion antagonism might be 
due to mutual interference in uptake of the competing ions. 
Since there was no experimental basis for this idea at that 
time, he later agreed with other workers of his time thct ion 
antagonism was probably due to some reversible effect of metal 
ions on the physical properties of protoplasm. More recently 
it has been observed that one ion may interfere with the up­
take of another (1, 20, 48). Epstein (20) believes that this 
is due to the formation of a chemical intermediate complex 
which mediates the passage of ions through the cell membrane. 
The mutual inhibition of uptake conforms to the kinetic treat­
ment for competitive inhibition of enzyme activity. 
Another possible explanation of ion antagonism has been 
developed in terms of activation and Inhibition of enzymes 
and is based upon the observed effects of metal activators 
and inhibitors on isolated enzymes (38, 45, 46, 72). Each of 
these explanations assumes that the metal is bound In some 
specific manner within the cell where it may be either useful 
or destructive and consequently antagonism is Just an expres­
sion of competition for these binding groups. 
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Ion Antagonism in Fiingl 
Ion antagonisms have been studied most extensively In 
marine organisms and higher plants. Actual reports of Ion 
antagonism in fungi are rather scanty. Marsh (48) stu'^led 
the antldoting of copper inhibition of conldlal germination 
in Solerotinia fructicola by calcium and magnesium. He re­
ported that copper uptake vms reduced in the presence of cal­
cium or magnesium and that copper inhibition of germination 
and respiration >;as antagonized by addition of these ions. 
In studies of mineral nutrition of Aepervillus nig:er, 
Escherichia coll. forulopsis utilus, and Aerobacter aerogenes. 
Abelson and Aldous (1) hsve found that nickel, cadmium, zinc, 
and mangcneee seemed to interfere with norm], magnesium 
metabolism and that the a3.dltlon of magnesium to the culture 
medium reduced the toxicity gymptoias of ea.ch of these ions. 
Ka^nesium reduced the amount of nickel removed from the medium 
by as much as 70 per cent in some of the orgeninms, and simi­
lar effects on the other ions could be expected. 
In bacteria, cobalt toxicity produced raorpholoplcol 
effects very siniilar to megnesium deficiency, and the addition 
of magnesiuva antagonized the effects of excess cobalt (61, 62, 
70, 71). 
In their studies on ion antagonism in Lactobacillus 
easel. MacLeod and Snell (46) have found that calcium or mag­
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nesium are capable of overcoming zinc inhibition of growth 
and respiration. Lucas (42) has found what raay be an example 
of calcium-hydrogen antagonism in Ihielaviopsls baslcola since 
the addition of 300 ppm calcium chloride to the culture medium 
shifted the pH optimum for growth toward a more acid pK. 
Tile respiration-pfi response of iftaslied yesiSt cells shows 
a similar dependency on the c&tlon constitution of the medium 
(59). Calcium, magnesium, and potassium all tend to shift 
the acid branch of the curve tok.ard a lower pH. This might be 
interpreted as a protection by these cations against hydrogen 
ion toxicity. 
Thus in fungi, as in other organisms, continued proper 
function depends upon 'Ghe maintenance of e balance of in­
organic nutrients, and displ".cement of a normal, required ion 
by a competing ion may cause malfunction and appearance of 
toxicity or even deficiency symptoms cherycteriatic of the 
displaced ion. 
Many of the required niicroelements are toxic in high 
concentrations and quantities of such ions, capable of sup­
porting continued grot;th of an orgariism in culture, may com­
pletely inhibit the early stages of growth. The protective 
action of antagonistic lonr, may permit the use of otherwise 
toxic concentrations of such an ion and the establishment of 
a reservoir for subsequent growth. 
Hutner (33, 34) has advocated the addition of a non-toxic 
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oomplexing or chelating agent to the medium to maintain a re­
serve of a requirecl metal ion in the culture solution without 
exceeding toxic levels of free ion. If the minimum metal re­
quirement for a given biological response is desired, these 
values may be obtained by using increasing quantities of the 
binding agent, determining optimal metal concentration at each 
level of binding agent, and appropriate extrapolation to zero 
concentration. Raaflaub (56) has derived a series of fairly 
simple equations for calculation of pM values (pM is log 
1 
free metal concentration' discussed possible appli­
cations of the concept of metal buffers in biochemistry. 
Chaberek and coworkers (7) have described the interaction 
hydrogen and metal ions In the presence of a cation buffer. 
Cation Binding at the Cell Surface 
The cell surface binding of cations and interactions be­
tween surface bound ions may also be involved in ion antag­
onism, and these effects should also be considered. There 
has been an increased interest in the ion binding properties 
of the cell surface in microorganisms. McCalla (43) found 
that bacterial cells behaved as cation exchangers and arranged 
a group of inorganic cations in a series of increasing affin­
ity for the bacterial cells. An ion of higher affinity can 
displace an ion lower in the series, or complexing agents 
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oan remove ions from the cell. For example, hydrogen sulfide 
bubbled through the medium can restore normal activity in 
cells which have been inhibited by mercury by removing the 
mercury from the cells. Ions which are bound to the cell in 
the course of normal growth can also be removed by complexing 
agents. Mazia (49) has reported that potassium citrate will 
remove a major part of the calcium present in yeast cells. 
Sussman and Lowry (41, 67, 68) have shown that the ascospores 
of Neurospora. either dormant or active, bind cations and have 
established a series almost identical to the one deterinined 
for bacteria by McCalla (43). They also report that ethylene-
diaminetetraacetic acid inhibition of germination can be anti-
doted x-^ith calcium, which seems to implicate surface bound 
cations in the germination process. Rothsteln and coworkers 
(58) have provided impressive evidence that surface bound 
cations participate in cellular metabolism in yeast. The 
uranyl ion which is bound only on the surface of the cell 
strongly inhibits fermentation but does not interfere with 
growth if acetate is used as a substrate. Calcium and mag­
nesium can reverse this inhibition by displacing the uranium 
from the cell surface. Sugar uptake and subsequent fermenta­
tion are influenced by changes in pH, and the pH response can 
be modified by the presence of other cations in the external 
medium. Together these observations show that cation inter­
13 
actions at the cell surface way have a direct Influence on 
metabolism and growth in microorganisms. 
14 
MATERIALS AND METHODS 
Collection and Storage of Uredospores 
In this research, mixed races of Puccinia coronata Corda 
var. avenae and L« were used. This should not be considered 
a disadvantage since the results should be general for this 
variety. Moreover there is little reason to believe that 
pathogenicity is necessarily correlated with other physio­
logical properties of the rust, and use of race designations 
might imply a degree of genetic uniformity which is not justi­
fied for the properties that were studied. 
Spores collected in the field during the spring were 
used throughout the summer when it is difficult to grow oat 
plants and to obtain infection in the greenhouse. These 
spores were often very long lived and experiments extending 
over several months could be done with a single collection 
without extensive change in germination or other physiological 
response. The ready availability and the long storage life 
of the field grown uredospores is another reason for using 
the mixed collections. The majority of experiments were done 
with two such field collections or their progeny, one from 
the spring of 1954, and one from the spring of 1955. 
Uredospores produced in the greenhouse were usually less 
stable in storage, and it was necessary to collect a new stock 
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once or twice a month. Although the use of many different 
collections may Introduce an additional variability into the 
experiments, it also provides evidence for the generality of 
these observations. The uredospores were always stored in the 
refrigerator at 8 to 12° C• 
Germination Conditions 
The spores were dusted on semisolid gelatin or agar in 
5 cm. petri plates with a small cyclone duster. Only a 
small part of the surface was covered with spores and the 
counts were made at the edge of a spot of sy^ores where the 
spores were more scattered. The plates were held in a refrig­
erated incubator at 20 to 21° C. in complete darkness. The 
humidity in the incubator was not controlled so it was neces­
sary to use either covered petri plates or provide a moist 
atmosphere in a closed chamber. The uredospores do not wet 
easily and may be floated directly on a water surface, whore 
excellent gerrfllnation is obtained if the spores do not become 
submerged. Spores floated in this manner may be conveniently 
transferred from one dish to another with a wire loop but are 
very difficult to count. In these experiments a loop of 
uredospores was allowed to germinate on 2 ml. of water or 
other liquid substrate in a 5 ml. beaker. Since it is diffi­
cult to obtain sterile uredospores, sterile conditions were 
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not maintained, but reasonable care was taken to minimize 
contamination. The plates were clean but not necessarily 
sterile, and the gelatin or a^ar was steamed before use. 
Several recent papers (3, 21) have dealt with germina­
tion inhibitors produced hj the uredospores. These inhibitors 
are effective when large concentrations of spores are confined 
in a small volume- In the present experiments erratic results 
due to self inhibition of germination have been avoided by 
providing a large ansount of medium in respect to the amount 
of spores and a large air space above the spores, \lhen these 
precautions were taken no effects attributable to self-
inhibition were observed. 
Observation of Germination and 
Germ Tube Differentiation 
Under the conditions of these experiments the germination 
was essentially complete in less than IE hours, but the vesicle 
formation process required from 30 to 40 hours before accurate 
counts could be taken. Counts were usually made after about 
36 hours. Five fields of 8i)out 36 to 50 spores were counted 
on each plate. A single plate for each treatment ^^^as used 
and the experiments were repeated several times. A spore was 
considered to have gei^iinated if the germ tube length was 
greater than the spore diameter. The formation of a spindle 
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shaped substomatal vesicle was the minimum requirement for 
counting as vesicle formation, since the appressorium stage 
was sometimes missing at high zinc concentrations. 
Because of the labor involved in spore counting and be­
cause of the exploratory and tentative nature of many of the 
eaiperiments, it was not feasible to apply a strict statistical 
treatment to much of this dsta. However, it is desirable to 
obtain a reasonable estimate of the precision of the data. 
For this purpose it is useful to assume a poisson distribu­
tion of spores on the plates so that standard deviation due 
to variations in the spore germination process (sg) can be 
considered equal to the square root of the total number of 
spores counted (44). On a percentage basis this can be 
written; 
spores counted (100) 
s total spores counted 
This is the minimum possible variability because variations 
in environment and in composition of the medium are not con­
sidered. If replicate e:3q)eriments are available it is pos­
sible to calculate the total standard deviation (s^) from 
experimental data as follows: 
X « per cent germination 
X a mean per cent germination 
n = number of observations 
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Table 1 shows the variability in a set of comparable replicate 
experim,eiits together with Sg snd st for comperison. In this 
experiment, germinations at a series of pH values are com­
pared, including the optimum pH range from pH 6 to 8, Sg and 
St are essentially Identical indicating that minor variations 
in pH did not produce corresponding fluctuations in the germ­
ination percentages. At pH 5 and 9, hovjever, the small vari­
ations in pH from the indicated value contribute to the over­
all standard deviation. Assuming that this residual variabil-
Table 1- Statistical treatment of variability in germination 
data (germination on deionised gelatin with 10-^ M 
calcium, arid a single collection of uredospores) 
Germination (per cent) 
PH 
3 4 5 6 7 8 9 10 
Sept. 24 0 62 81 80 82 88 47 34 
Oct. 6 0 56 57 76 81 84 73 22 
Oct. 11 0 73 80 92 88 83 75 16 
Oct. 15 0 58 60 78 81 82 74 29 
Oct. 20 0 62 76 84 85 81 57 0 
Nov. 11 0 33 33 81 76 53 50 14 
Nov. 16 0 53 59 66 63 56 36 13 
Nov. 23 0 71 79 82 83 75 21 24 
Mean 0 58 66 80 80 78 54 19 
St 5.0 6.4 2.8 3.0 5.2 7.5 4.0 
Sg^ 
sm 
2.5 2.5 2.5 2.5 2.5 2.5 2.5 
4.4 5.9 1.2 1.7 4.6 7.1 3.2 
^Calculated on the basis of 1,600 total spores counted 
in the ei^t replicate experiments. 
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Ity is due to fluctuations in the composition of the medium, 
a third standard deviation (sm) can be calculated as follows: 
2 2 2 
St ** Ss + Sm 
Sm » - s| 
The results of these calculations also are shown In Table 1 
and it should ©gain be en^ihasized that Sm becomes important 
only when the medium is producing an effect on germination. 
Any variation due to temperature, light, or humidity was not 
large enough to be observed in these experiments. 
These considerations peraiit a tentative estimate of ex­
pected standard deviation based on the number of uredospores 
counted and an estimated variation in the medium. If, for 
example, 196 uredospores are counted: 
B3 . 
and if Sm is assumed to be 10 per cent, st can be estimated 
as follows: 
sf = s^ i- sS t s m 
= 49 + 100 « 149 
s-^ =* 12.2}li 
Since it is always possible to recheck unexpected or radically 
inconsistent results, a more elaborate statistical treatment 
is unnecessary, and this estimate provides a relatively good 
basis for evaluating day to day experiments. In presenting 
the data tne averages of several replicate experiments will 
20 
be used ordinarily but on occasion s single representative 
experiment may be more valuable because of" difficulty in aver-
a^ilng experiments with different maximum gemination. 
Preparation of the Medium 
Selected sasplec of Dlfco gelatin 'were used as the start­
ing material for the purifiestion experiments and as the refer­
ence aiedium in all these experiments. 
Purification by dialysis 
The gelatin v/ss first purified by Buependlng 3 g. of dry 
gelatin i)Owder in a liter of cold, double distilled water. 
After holding at 10 to 12° C for sbout 48 hours, the water 
was filtered off by suction. The residue vias v;ashed with 
cold, double-distilled ; ??,ter, heated until a solution was 
obtained, and made up to 100 ml. volume. This extraction 
procedure is the equivalent of dialysis, and for convenience 
the gelatin prepared in this way will be referred to as 
dialyzed gelatin. 
Purification by IRC-50 resin 
The gelstin was also purified by ion exchange. A car-
boxylic acid resin, Aniberlite IHG-50, --ms first used because 
it has a very high exchanj^e capacity for bivalent cations when 
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in the neutral sodium or ammonium salt form- Maintaining the 
column at a neutral pH minimised hydrolysis of the gelatin. 
In the ion exchange process a single option wgs substituted 
for the complex mixture in the gelatin. Hie column pre­
pared by adding about 30 ml. of the resin in the J^drogen 
form to a glass tube about S ce. in diameter and about 30 cm. 
lon^i. Tliis made a column of resin about 10 cm. long vhich 
nearly doubled in length when neutralized. The resin wps 
backwashed to permit proper packing of the column and to 
remove the "fines". It was then recycled before use. A puri­
fication cycle starting with the hydrogen form consisted of 
the following steps: 
1. V»ash with distilled water. 
2. Regenerate with 5 per cent NaOH or NH4OH at a rate 
of 25 drops per minute until effluent is alkaline 
to pH paper. 
3. Wash with distilled water until effluent is neutral 
to pH paper. 
4. Pass gelatin (100 ml. of 4 per cent gelatin) at a 
rate of 30 drops per minute. 
&. l?Jash with equal volume of water and add washings to 
the gelatin to make 2 per cent gelatin. 
6. Exhaust with 10 per cent HCl until effluent is acid 
to pH paper. 
7. Wash with double distilled water. 
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The resin was completely recycled, omitting steps 4 and 
6, at least once between each gelatin run. llie temperature 
of the column was maintained at 40 to 45° C- while gelatin was 
on the column. Since the gelatin was quite viscous, it was 
difficult to maintain a constant rate of flow and the rates 
used ti/ere kept Vv'ell below the safe maximum rate to allow for 
possible variation. The exchange capacity of this amount of 
resin was many times the estimated ash content of the gelatin. 
For convenience this gelatin preparation will be called 
"cation free" gelatin. 
Purification by mixed bed resins 
The carboxyllc resin is not as efficient as a mixed bed 
column employing a strong acid and a strong base resin (35, 
65). The resins were used in the hydrogen and hydroxyl form, 
respectively. Both resins form salts with ionic impurities 
in the gelatin, and the hydrogen and hydroxyl ions, displaced 
from the resin, combine to form water. The product of this 
process is a highly purified gelatin. This procedure has the 
further advantage that the gelatin is maintained near neutral­
ity, and If the delonlaation is complete the gelatin comes 
from the column at Its isoelectric point. The resins used 
were Amberllte IR-120 and IRA-400 arid they were separately 
recycled once before using. The recycling procedure for a 
60 ml. column of IR-120 was as follows; 
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1. Exhaust with 150 ml. of 10 per cent NaCl at a rate 
of about 45 drops per minute. 
2. Wash with 200 ml. double distilled water at the same 
rate. 
3. Regenerate with 10 per cent HCl until effluent be­
comes acid to pH paper at the same rate. 
4. l?(ash -with double distilled water. 
The IRA-400 is a strong base quarternary ammonium resin which 
was used in the hydroxyl form. The recycling procedure was 
as follows: 
1. Exhaust with 200 ml. of 1 per cent NaCl at a rate 
of 60 to 80 drops per minute. 
2. Wash with 200 ml. double distilled water at a rate 
of 20 drops per minute. 
3. Regenerate with 5 per cent NaOH until effluent be­
comes basic to pH paper at 20 drops per minute. 
4. Wash until effluent is neutral. 
The resins then were mixed and placed in a third column 
which contained about 50 ml. of the mixed resin. These vjere 
washed and the gelatin passed through at a rate of about 30 
drops per minute. This preparation will be called deionized 
gelatin. 
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Reagents 
In general, reagent grade chemicals were used without 
further treatment. All solutions were made up in double dis­
tilled water, and when necessary the pH was adjusted with a 
Beckraan pH meter- When the stability of the chemicals per-
raitted, organic chemicals such as amino acids or orgenic 
acids were autoclaved and stored in the refrigerator. The 
stock solutions were 10 times the required concentration and 
were diluted to the proper concentration when added to the 
medium. 
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EXPERIMENTAL RESULTS 
Preliminary Observations on Germination 
and Vesicle Formation 
Effect of gelatin samples 
Sharp (63) had been concerned with a description of the 
conditions leading to vesicle formation by Puccinia coronata' 
Maximum vesicle formation had been obtained on -3 per cent 
gelatin in the range of 8 to 10 ppm. of zinc {ca. 12 to 15 x 
10"^ M) at a pH of 6.3 to 6.5. At the beginning of this work, 
using the same gelatin samples and the same general condi­
tions, similar results were obtained. Later it was observed 
that different samples of Difco gelatin differed in their 
ability to support vesicle formation under these conditions, 
and on certain gelatins essentially no vesicle formation was 
observed. Table 2 shows the variability in vesicle formation 
in a series of experiments using different gelatin samples. 
The t^elatin samples which grve the highest percentage vesicle 
formation were used as the starting material in the subse­
quent purification experiments and as a basis for comparison 
in these experiments. There was also some variation among 
experiments when the same gelatin sample was used. The extent 
of this variability is indicated by the data in Table 3 which 
were obtained with one gelatin sample and one spore collection. 
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Table 2* Vesicle formation on different samples of 3 per 
cent Dlfoo gelatin 
Vesicle formation (per cent) 
Zn (x 10~® M) 
Gelatin sample 
control number 0 6 9 12 15 18 
399245 0 0 0 0 0 0 
0 0 0 0 0 0 
411627 0 1 2 2 14 
0 0 0 6 8 
411629 0 0 3 0 2 2 
0 0 1 4 2 3 
416271 0 5 4 2 5 
0 3 5 2 7 
420078 0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 2 1 1 
0 0 1 
0 0 4 
425377 0 0 4 9 9 10 
0 0 0 7 7 6 
0 2 3 7 6 2 
426023 0 0 1 £ 2 0 
426627 0 0 0 2 0 3 
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Table 3. Variation in vesicle formation with a single 
gelatin sample (Control 426377) at a concentration 
of 2 per cent with a single spore sample 
Vesicle formation (per cent) 
Zn (x 10-® M) 
Date 0 6 9 12 15 
July 16 0 3 9 15 15 
July £8 0 7 13 6 1 
July 29 0 8 13 7 3 
July £9 0 8 14 6 2 
Aug. 2 0 0 6 S 3 
Effect of gelatin concentration 
Although 3 per cent gelatin had been used routinely in 
previous work on vesicle formation, it was considered important 
to determine the effect of gelatin concentration on vesicle 
formation- It was possible that either the concentration of 
impurities in the gelatin, or the chemical or physical prop­
erties of the gelatin might affect uredospore germination or 
the subsequent behavior of the germ tubes. When 2, 3, 4, and 
6 per cent gelatin were studied, it was found that the effec­
tive concentration of zinc for vesicle formation increased 
with increasing gelatin concentration (Figure 1 and Table 4). 
Since the vesicle formation response was dependent on the 
gelatin sample and upon the concentration of the gelatin, it 
could not be considered an inert substrate. Either the gela-
Figure 1. Germination and vesicle formation as a 
function of whole gelatin and zinc concen-
tratlona (data from Table 4) 
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Table 4. Germination and vesicle formation as a function 
of whole gelatin and zinc concentration 
Gelatin 
(per cent) 0 6 
Zn 
9 
1 (x 
12 
10" 
15 
® M) 
18 21 24 27 
&erffiinatlon 2 89 85 87 87 76 64 42 39 33 
(per cent) 3 93 90 90 93 85 82 75 70 55 
4 94 90 89 92 92 82 88 77 70 
5 89 92 88 91 87 88 87 83 80 
Vesicle 2 0 0 6 8 3 3 2 1 0 
formation 3 0 0 0 7 7 6 2 2 3 
(per cent) 4 0 0 0 0 0 10 10 11 5 
5 0 0 0 0 0 0 0 8 8 
tin or gelatin impurities were actually modifying the zinc 
effect. Since the percentage of vesicle formation at optimum 
zinc levels was not greatly influenced by gelatin concentration, 
the lowest possible concentration of 2 per cent was used 
routinely (Table 4). This was advantageous since lower con­
centrations of gelatin could be more easily purified and more 
experiments could oe done with a given amount of gelatin-
Effect of gelatin purification by dialysis 
Sharp's work (63) had indicated that a substance ex­
tracted from gelatin stimulated vesicle formation when added 
to water agar with an appropriate concentretion of zinc at 
pH 6-3 to 6.5. As an extension of these experiments, the 
dialyzed gelatin was tested as a substrate for uredospore 
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germination and vesicle formation. It was found that vesicle 
formation did not occur on the dialyzed gelatin at pH 6.5 
and that zinc inhibited germination on dialyzed gelatin at 
lower concentrations than on whole gelatin. This observa­
tion provided direct evidence that impurities in the gelatin 
were modifying the effect of zinc. To test the possibility 
that cations in the gelatin were antagonizing the zinc effect, 
magnesium was added to the medium. Magnesium is known to 
antidote the toxic effects of zinc in several microorganisms 
(1). Several concentrations of magnesium from lO""^ to 10""' 
M were used with similar results. The typical experiment in 
Figure 2 is a comparison of the germination on whole gelatin, 
dialyzed gelatin, and dialyzed gelatin with 10""' M magnesium. 
— 5 At 15 X 10 M zinc, germination was completely inhibited on 
dialyzed gelatin but was unaffected on whole gelatin or if 
magnesium was added to the dialyzed gelatin. 
Effect of gelatin purification 
with cation exchan»3.e resins 
The observations and experiments Just described indicated 
that impurities in the gelatin were Influencing the response 
of the spores to zinc. Since water extraction was a rela­
tively slow and unreliable method of gelatin purification, 
these experiments were continued using gelatin purified by 
passage through a carboxyllc cation exchange resin. The 
column was used in the neutral, sodium or ammonium salt fomn 
Figure 2. Zinc inhibition of germination on whole 
gelatin, dialyzed gelatin, and dialyzed 
gelatin with 10""^ M magnesium 
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to minimize the acid hydrolysis of the gelatin. This treat­
ment resulted in an exchange of the cationlc impurities in 
the gelatin for the single ion on the resin. 
The cation removal from the gelatin had two effects which 
were probably related. Zinc inhibited germination at a lower 
concentration of zinc than on whole gelatin, and no vesicle 
formation was observed et any zinc concentration. These 
observations were consistent with those obtained on dialyzed 
gelatin. The graph in Figure 3 compares germination on whole 
gelatin and on "cation free" gelatin over a ran^/e of zinc con­
centrations. At the time these experiments ^^ere done, the 
depressed germination due to ion removal caused some concern, 
but in experiments to be discussed later it was found that 
removal of the inorganic cations permitted partial inhibition 
of germination by hydrogen ions at pH 6.5. The addition of 
calcium or magnesium antagonized both the zinc and hydrogen 
ion toxicity and an equimolar mixture of calcium and magnesium 
v;as more effective than either one alone at the same molar 
concentration (Figure 4). 
A mixture of calcium and magnesium was required for 
vesicle formation on the zinc-"cation free" gelatin medium. 
The averaged vesicle formation data presented in Table 5 
showed that all three cations, zinc, calcium, and magnesium, 
were needed for vesicle formation. In the typical experiment 
in Table 6 it can be seen that the proportions of calcium and 
Figure 3. Zino inhibition of gerniination on whole 
gelatin and "cation free" gelatin (data 
from Tables 24 and 25, Appendix) 
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Figure 4. Antagonism of ainc inhibition by divalent 
cation on "cation free" gelatin (data from 
lables 24 and £5, Appendix) 
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Table 5. Germination and vesicle formation on "cation free" 
gelatin as a function of calcium, magnesium and 
zinc concentration (averages from Table 23, 
Appendix) 
Zn (x 10'^ M) 
Ca 
Mg 
(x 
(x 
lO-f M) 
10-4 
10 
0 
7.5 
2.5 
5.0 
5.0 
2.5 
7.5 
0 
10 
Germination 0 84 86 88 86 68 
(per cent) 6 81 82 82 83 60 
12 65 81 84 82 75 
18 46 67 75 70 52 
Vesicle 0 0 0 0 0 0 
formation 6 1 0 0 0 0 
(per cent) 12 0 6 8 3 0 
18 0 4 6 2 0 
Table 6. Germination and vesicle formation on "cation free" 
gelatin with 18 x 10""° M zinc as a function of 
calcium and magnesium concentration (example from 
Table 23, Appendix) 
Mg (x lO-"^ M) 0 
Ca ( 
2.5 
X 10-4 
5.0 
M) 
7.5 10 
Germination 0.0 27 33 31 41 40 
(per cent) 2.5 58 57 62 64 62 
5.0 54 70 66 59 68 
7.5 49 65 71 52 74 
10.0 35 61 63 58 45 
Vesicle 0.0 0 0 1 0 0 
formation 2.5 1 1 4 10 4 
(per cent) 5.0 0 3 11 4 2 
7.5 1 3 9 6 3 
10.0 0 7 12 3 7 
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magnesium were not critical but that both were required. 
The level of vesicle formation obtained was roughly equivalent 
to that obtained on whole gelatin, so It was concluded thet 
no other catlonic factors present in the gelatin contributed 
appreciably to the vesicle formation response. 
Germination 
Cation Interactions on delonlzed gelatin 
The weak acid exchange resin purification of gelatin was 
not entirely satisfactory because a relatively high concentra­
tion of the cation used as the column regenerant and all of 
the anions remained in the gelatin. More complete deioniza-
tion, using a mixed bed column of a sulfonic acid resin and 
a basic nitrogen resin, avoided possible interference or error 
due to these ions. These columns removed both anions and 
cations simultaneously, and theoretically are superior to 
single resins in removing all cations. 
As in the preceding experiments, the removal of ionic 
linpurities Increased zinc toxicity. The averaged data in 
B'lgure 5 compares the zinc toxicity curves on whole gelatin, 
gelatin prepared with the carboxylic resin, and gelatin from 
the mixed bed column, all at pH 6.4. The relatively greater 
inhibition of germination by zinc on the completely delonlzed 
Figure 5. Germination on whole gelatin, "cation free" 
gelatin, and deionized gelatin as a function 
of zinc concentration at pH 6.4 (data from 
Tables 24, 25, and 26, Appendix) 
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gelatin seemed to reflect the more complete removal of antago­
nistic ions. 
The lowered {germination due to increased effect of pH 
with deionization was also noted in these experiments. As 
before, both the hydro£,en and zinc ion toxicity were antago­
nized by calcium or magnesium. The average zinc toxicity 
curves Indicated that an equimolsr mixture of calcium and 
magnesium more effectively antidoted zinc and hydrogen ion 
toxicity than either calcium or magnesium alone at the same 
molar concentration (Figure 6). At pH 7 the interaction be­
tween calcium and zinc could be studied without the complica­
tion of hydrogen ion toxicity. The representative experiment 
in Figure 7 shows the effect of a series of calcium concentra-
tioxis on zinc inhibition of germination of uredospores at pH 
7. It required about a 100-fold increase in calcium to anti­
dote a 4-fold increase in zinc concentration, and 10*"^ M cal-
5 
cium failed to completely reverse the effect of only 6 x 10 
M zinc. 
Modification of cation interactions 
on deionlzed gelatin by PH 
In previous experiments the pH optimum of 6.5 for vesicle 
formation established by Sharp (63) was used. This was also 
near the value of 6.7 which Forbes (21) believed to be opti­
mum for germination. However, the deionization process 
Figure 6. Antagonism of zinc inhibition of germination 
by calcium, magnesium, and equimolar mix­
tures of calcium and magnesium at pH 6.4 
(data from Table 26, Appendix) 
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Figure 7. Antagonism of zinc inhibition of germina­
tion by calcium at pH 7 (data from Table 
27, Appendix) 
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ehanj^ed tiie ionic environment to such an extent that it seemed 
desirable to re-examine the influence of pH on both germination 
and vesicle formation. Gelatin was used as the only buffer, 
but since it contains several different potential acid groups 
which dissociate over a wide pH range it provided good buffer­
ing for these experiments. 
On whole gelatin some germination occurred from pH 4 to 
10 with an optimum range which extended from about pH 5 to 
9. When deionized gelatin was used, the acid branch of the 
curve was shifted toward the alkaline side, and a narrower 
optimum range from about pH 7 to 9 was obtained. The aver­
ages of several experiments are compared in Figure 6. This 
shift in pH response undoubtedly explains the depressed germi­
nation due to deionlzatlon which was observed earlier, since 
the pH of about 6.4 used at that time is on the shoulder of 
the curve. Since this shift in pH response apparently 
due to the removal of inorganic cations from the gelatin, 
the effect of adding calcium and magnesium to the medium was 
investigated. These cations shifted the acid branch of the 
curve back toward the acid side and increasing cation concen­
trations from lO"® M to 10"^ M were increasingly effective. 
The graph in Figure 9 shows the average of several experiments 
for a series of calcium concentrations. In the representa­
tive experiment in Figure 10 calcium and magnesium at 10""^ M 
are compared and it can be seen that these treatments were 
Figure a .  Geraiiimtlon on whole gelatin and delonlzed 
gelatin as a function of pH (data from 
Tables 7 and 28, Appendix) 
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Figure 9. Germination on delonized gelatin as a 
function of pH and calcium concentration 
(data from Table 25, Appendix) 
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Figure 10. G-erminEtlon on deionlzed gelatin as a 
function of pH and calcium or magnesium 
concentration (data from Table 29, Appendix) 
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equally active. It was also observecl that calcluni inhibited 
genaination slightly in the alkaline pH region. This effect 
was not as consistent or aa large as the stimulation of germi­
nation in the acid region but may become raore noticeable at 
higher calcium concentration. 
Since zinc was toxic at the concentrations used in this 
investigation, it would not be expected to have the same in­
fluence on the pH-germination curve as calcium or magnesium. 
The averaged pH-germination curves in Figure 11 show the 
effect of Increasing zinc concentration on whole gelatin. The 
zinc ivas toxic throughout the pH rant e, and the pH optimum for 
the partially inhibited germination occurred at about pH 6. 
Similar averaged data in Figure 12 show zinc inhibition of 
germination on delonlzed gelatin. In addition to the in­
creased toxicity of zinc on delonlzed gelatin, the region of 
maximum germination was shifted toward the alkaline side-
This was apparently the same effect that was observed without 
zinc, which indicated that zinc toxicity was essentially inde­
pendent of pH. It was also obvious from these graphs that 
zinc toxicity could be accurately evaluated only when the pH 
effect was at a minimum. 
In addition to the interactions between hydrogen and cal­
cium Ions, hydrogen and zinc ions, and between calcium and zinc 
ions, it was of Interest to examine the interactions among all 
three factors. These results were consistent with the paired 
Figure II* Germination on whole gelatin as a function 
of pH and zinc concentration (data from 
Table 26, Appendix) 
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Figure 1£. Gerrninatlon on deionlzed gelatin as a 
function of pH end zinc concentration 
(data from Table 27, Appendix) 
oi 
a 
Ik 
\ 
GO 
CO 
\ 
/ 
h O 
/ 
/' 
% GERMINATION 
M M M 
3 3 3 
cji cn 
60 
Interactlone studied previously. In the typical experiment 
in Figure 13 the protective a.ction of calcium against both 
zinc and hydrogen ions is lllustreted. An increase in cal­
cium not only improved germination at a particular zinc con­
centration, but shifted the acid branch of the curve toward 
the acici side. This same difference w£xs observed in corapsr-
ing zinc toxicity on whole and deionlzed gelatin-
Quantitative evaluation of pH-cation interaction 
It was observed that the two branches of the pH-
germlnation curves had the sigmoid shape characteristic of 
the dissociation curve for a weak acid. This suggested that 
perhaps germination is directly influenced by the dissociation 
of acidic groups at the cell surface. In a general way it 
might be assumed that some group diaeociating in the region 
of pH 4 to 5 must be in the dissociated form and another 
group which dissociates between pH 9 and 10 must be in the 
hydrogen form. This idea» put into chemical terms might be 
written as follows where R is some dissociating group at the 
cell surface and only the intermediate form (HR) pennits 
germination: 
1. H2R >Ki HR .K2 a 
inactive active inactive 
According to the law of mass action 
2. KI « {H){HR)/(H2R), (HGR) « (H)(HR)/KI, 
Figure 13. Germination on deionized gelatin as a function 
of pH and of zinc and calcium concentration 
(data from Table 30, Appendix) 
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3. Kg - (H)(R)/(HR), (R) « Kg(HR)/(H). 
The total of active and inactive groups (Rt) is equal to the 
sum of the thi»ee forms or 
4. (Rt) - (R) + (HR) + {H2R). 
If equations 2 and 3 are substituted into equation 4 and the 
resulting expression factored, 
5. {Rt)/(HR) = 1 + (H)/Ki 4- K2/(H). 
Furthern^re, if the observed germination (Q) ia proportional 
to the concentration of groups in the active form HR, 
6. G « k(HR). 
Then under conditions of maximum germination (Gniax5» 
G - W. % - HR, 
and 
^' ^max ® • 
Therefore 
Gmax/S - k{Rt)A{HR), 
Gaax/G » 1 ^  (H)/Ki + Kg/CH), 
and 
8. G = 1 ^  (H)/KI ^  K2/(H) • 
In Figure 14, the averaged data for two experiments are 
compared with a curve drawn from this equation using the 
constants given on the graph. Another comparison using data 
from six experiments on deionized gelatin is shown in Figure 
15- The data and the analysis of variance (66) for this 
experiment are shown in Table 7 and 8. According to the 
Figure 14. Comparison of caloulated curves and 
observed pH-germinatlon points on 
whole gelatin 
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Figure 15. Comparison of calculated curves and 
observed pH-germlnatlon points on 
deionized gelatin (data from Table 7) 
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Table 7- Germination on deionized gelstin as a function 
of pH 
21 
Experiment no. 3 4 5 6 7 8 9 10 
1 0 23 17 57 74 86 81 63 
2 0 18 24 74 77 85 80 39 
3 0 0 40 69 82 88 74 60 
4 0 13 19 60 77 79 86 72 
& 0 0 14 39 65 67 72 40 
6 0 13 16 42 64 68 75 57 
Average 11 22 57 73 79 78 55 
Table 8. Analysis of variance of data from Table 7; 
germination on deionized gelatin as a function 
of pH 
Source 
Degrees of 
freedom 
Sum of 
squares 
Mean 
square 
Replications 
Treatments 
5 
7 
1,518 
39,030 
304«» 
5, 576'»^ 
Regression on 
expected values 1 38,404 38,404<»» 
Deviation from 
regression 6 626 104 
Error 
Total 
35 
47 
3,326 
43,974 
95 
**Signifleant at the 1 per cent level. 
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F test there is no significant difference between the cal­
culated and observed points in the experiment and the regres­
sion on the calculated values accounts for most of the treat­
ment variance. 
This agreement of the individual fitted curves with the 
experimental points was encouraging, but the K^^'s for the 
two types of experiments are not in agreement. Since the acid 
branch of the pH-gerrainatlon curve shifted with Increasing 
calcium concentration, it seemed possible that a quantitative 
coiiipetltlon existed between calcium and hydrogen lone and that 
the model could be modified to Include this interaction. If 
it is assumed that combined alkaline earth cetions ere essen­
tial for germination and that increasing concentrations of 
hydrogen ions displace these ions, an equation to describe 
the interaction between these cations and hydrogen ions can 
be derived. The competition reaction can be written as 
follows: if R is a combining group at the cell surface, M 
a metal activator, and the dissociation constant for the 
cell-metal complex: 
HSH ^ HgHM ^ HHM RM 
inactive inactive active inactive. 
According to the law of mass action 
9. Kffi « (H2R)(M)/{H2H)(M), 
10. Kx « (HRM)(H)/(H2n)(M), 
11. Kg = (RM)(H)/(HR)(M). 
?0 
If these equations are substituted in the conservation equa­
tion and the expression factored, the follox^ing equation re­
sults-
IE. {Rt;)/(HRM) « 1 ^  (H)/Ki + Kiji(H)/(H)K3, + Kg/dl). 
Substituting Qijiax/& for Rt/dlRM) end factoring 
Giaax/C^ « 1 4- (1 Km/{M))(H)/Ki + Krjin), 
and 
Ti a ^max 
^ 1 + (1 > Kn/(MT){H)/K3~; Kg/CH) * 
By assuming appropriate conctsnts, curves can be drawn 
which correspond reasonably'' well to the experimental data. 
An example of calculated curves compared with a representative 
germination experiment is shown in Figure 16, and an addi­
tional graph of the experimental germination percentages 
plotted against the corresponding calculated percentages is 
shown in Figure 17. If perfect agreement existed, all of the 
points would lie on the straight line. From the analysis of 
variance in T^ble 10 it Is clear that most of the treatment 
variance was explained by the regression on the calculated 
values. However, there was a significant devietion oftthe 
experimental points from the calculated curves. Examination 
of the curves indicated thet most of this deviation probably 
occurred at the extreme pH values, where other more injurious 
reactions may occur. 
Figure 16. Comparison of calculated curvee sM 
observed pH-genalnatlon points with 
varying calcium concentration (dats, 
from Table 9) 
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Table 9. Germination on deionlsed gelatin as a function of 
pH and calcium concentration (data from three 
replicate experiments) 
Calcium gH 
(M) 3 4 5 6 8 9 10 11 
10-5 0 10 22 58 75 80 72 59 0 
0 17 33 65 85 81 81 54 0 
0 9 22 57 76 72 76 42 0 
Average 0 12 26 60 79 78 76 52 0 
1 o
 
1—i 
0 30 48 78 74 75 68 54 0 
0 46 74 78 81 78 77 46 0 
0 22 40 74 80 62 74 40 0 
Average 0 33 54 77 78 72 73 47 0 
10~^ 0 54 66 82 86 76 67 39 0 
0 62 76 84 85 81 57 0 0 
0 58 60 78 81 82 74 29 0 
Average 0 58 67 81 84 80 66 23 0 
Table 10. Analysis of variance of data from Table 9 on 
germination as a function of pH and calcium 
concentration 
Degrees of Sum of Mean 
Source freedom squares square 
Replications 
Treatments 
Regression on 
expected values 
Deviation from 
regression 
pH 
Calcium 
pH X Ca 
Error 
Total 
2 
26 
25 
8 
2 
16 
52 
80 
327 
78,966 
75,966 
3,512 
70,862 
1,022 
8,104 
2,897 
82,190 
164*» 
3,037*» 
75,454** 
140«* 
8,858<»* 
511»* 
506** 
55.7 
*«Slgnifleant at the 1 per ceni level 
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Vesicle Formation 
Vesicle formation on deionlaed gelatin 
Sharp (63) had found a rather narrow pH range for vesicle 
formation from about pH 6.1 to 6.9. The failure to obtain 
vesicle formation after deionization prompted a re-examination 
of the effect of pH on both germination and vesicle formation. 
It vas first observed that 1 or 2 per cent of the germinating 
uredospores formed vesicles at pH 8 and 9 on the zinc-deionized 
gelatin substrate, but no vesicle formation occurred at a 
lower pH. The Mdltion of calcium, magnesium, or mixtures of 
calcium and magnesium increased vesicle formation percentages 
at pH 8 to a level equivalent to that obtained on whole gela­
tin (Table 11). The absolute concentration of calcium was not 
critical because its effect depended to sone extent on the 
zinc concentration, and 1 x 10 M was used as an intermediate, 
effective concentration. Table 12 shows the results of a 
representative experiment comparing vesicle formation on 
whole gelatin and deionized gelatin with 10-'^ M calcium. The 
pH range permitting vesicle formation on whole gelatin was 
from pH 6.5 to 7.5 under these conditions. On the deionized 
gelatin the pH range extended from pH 7.5 to 9.0 and the 
extent of response was about the same at each pH level within 
this range. Therefore, it seemed that the pH requirement for 
vesicle formation was less precise on deionized gelatin. 
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Table 11. Germination and vesicle formation as affected by 
alkaline earth cations on delonlzed gelatin at 
pH 8 
Zn (x 10'^ M) 
(M) 1 2 3 4 6 8 10 
Germination 
(per cent) 
Vesicle 
formation 
{per cent) 
None 
Ga, 
Mg, 
Ca, 
Mg, 
10 
10 
-4 
-4 
5 X lO ' f )  
5 X lO-O) 
None 
Ca, 10-^ 
Mg, 10-4 
Ca, 5 X 10"^) 
Kg, 5 X 10"°) 
75 71 50 26 S 0 0 
74 72 68 51 38 12 0 
74 79 78 58 33 11 0 
83 73 74 68 30 7 0 
0 2 0 0 0 
0 3 9 5 7 0 
0 2 9 10 a 0 
8 14 14 
Veslole format ion on whole agar 
The occurrence of vesicle forraation in the alkaline pH 
range on delonlzed gelatin suggested that the apparent silicon 
requirement on zinc-agar medium was an artifact. Sharp (63) 
had observed that vesicle foraation did not occur on zinc-agar 
at pH 6.5 unless a gelatin dlalysate or sodium silicate was 
added to the medium. Since agar is very poorly buffered, it 
was possible that the silicate was shifting the pH of the 
medium to a level more favorable for vesicle formation. To 
test this possibility, vesicle formation at several zinc con­
centrations was determined over the pH range from 3 to 10 on 
whole agar. Table 13 shows the results of one experiment 
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Table 12• Sermination and vesicle formation as a function of 
pH and zinc concentration on whole and delonlzed 
gelatin with 10—^ M calcium 
Medium Zn (x 10-^ M) 6.0 6.5 
, F", 
7.0 7.5 ro
 
•
 
O
 
8. 5  
Germination Whole 0 59 50 47 39 48 53 
(per cent) gelatin 4 27 56 46 51 48 43 
8 53 48 55 39 27 15 
12 47 49 28 12 c 8 
18 51 50 18 3 0 0 
Delonl£ed 0 55 63 55 56 50 67 
gelatin 4 46 50 63 52 45 42 
Ca 8 34 54 32 17 14 14 
12 27 27 19 12 11 9 
18 10 11 7 0 0 0 
Vesicle Whole 0 0 0 0 0 0 0 
formation gelatin 4 0 1 0 0 0 0 
(per cent) 8 0 4 4 1 0 0 
12 2 0 16 9 0 0 
18 1 6 25 
Delonlzed 0 0 i.-' 0 0 0 0 
gelatin 4 0 r 0 0 1 3 
+ Ca 8 u 0 1 11 17 34 
12 0 0 0 25 31 37 
18 0 0 0 
which may be compared Kith the gelatin results In Table 12. 
It seemed that the pH rsnge and . the extent of vesicle forma 
tlon on whole agar v;ae quite similar to the results obtained 
on delonlzed gelatin with calcium added. When trls-hydroxy-
aethy1-amlnomethane (THAM) buffer was added to improve pH con 
trol similar results were obtained (Table 14). It was con~ 
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Table 13. Germination and vesiole formation as a function 
of pH and zinc concentration on whole agar 
Zn (x 10-5 M) 3 4 5 6 7 8 9 10 
Germination 0 0 67 67 87 76 82 80 68 
(per cent) 4 0 33 60 72 79 75 46 60 
8 0 46 51 52 48 39 30 43 
12 0 11 48 77 56 22 21 17 
16 0 0 67 70 34 12 17 22 
Vesiole 0 0 0 0 0 0 0 0 0 
formation 4 0 0 0 0 0 0 1 2 
(per cent) 8 0 0 0 0 0 15 15 10 
12 0 0 0 0 4 18 14 0 
16 0 0 0 0 16 30 17 9 
Table 14. Germination and vesicle formation as a function 
of pH and zinc concentration on whole agar with 
THAM buffer 0.001 M 
c pH 
Zn (x 10~® M) FTB 7:0 7T§ gTo 
Germination 0 79 84 83 83 
(per cent) 6 86 52 46 24 
12 79 40 20 7 
18 65 0 0 0 
Vesicle 0 0 0 0 0 
formation 6 0 15 19 26 
(per cent) 12 0 40 29 47 
18 0 
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eluded that the sodium silicate acted only by shifting the pH 
of the medium siid no requirement for silicon actually existed. 
The purification of agar with ion exchange resins was 
more difficult than gelatin deionization, but the preliminary 
attempts produced results consistent with those obtained with 
delonized gelatin, so it was not considered profitable to con­
tinue this work.. 
Vesicle formation on amino acid solutions 
Early in this work it had been observed that germinating 
uredoapores did not form vesicles on zinc solutions- Cal­
cium, magnesium, and amino acids were added to the zinc solu­
tions in an atten^t to reproduce the conditions found on 
gelatin medium, but no consistent vesicle formation was ob­
tained. In these experiments pH ivas uncontrolled or, if amino 
acids were present, it was adjusted to pH 6.5. After it be­
came apparent that vesicle formation also occurred at pH 8, 
the possibility of vesicle formation on zinc solutions 
again investigated. 
Zinc-glyclne solutions at pH 8 were studied first. The 
glycine was added as a pH buffer and with the thought that it 
might substitute for gelatin in some other way. Excellent 
— ?  
vesicle formation was observed at 10 M glycine and 1 to 4 
X 10"^ M zinc. Although it was rather difficult to count 
uredospores on water, a few counts were made for comparison 
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with other systems and about 20 per cent of the germinating 
uredospores formed vesicles under these conditions. Ho 
vesicle formation occurred without both glycine and zinc, but 
there was no requirement for calcium or magnesium. As on de-
ionized gelatin and agar, the pH optimum was very near pH 8 
and this value was used routinely in subsequent experiments 
(Table 15). 
In order to better understand the requirement for glycine, 
the zinc necessary for vesicle formation at several glycine 
concentrations was determined. If the glycine has a direct 
Table 15. Germination and vesicle formation as a function 
of pH and zinc concentration on 0.01 M glycine 
solution 
Zn (x 10"^ M) 4 5 6 8 9 
Germination®^ 0 X X X X X X 
1 0 X X X X X 
2 0 0 X X X X 
3 0 0 0 X X X 
4 0 0 0 0 X X 
Vesicle 0 0 0 0 0 0 0 
formation" 1 0 0 0 X 0 
2 0 0 X 0 
3 0 X 0 
4 X 0 
- germination 
0 - no germination 
- vesicle formation 
0 - no vesicle formation 
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Influence on vesicle formation, vesicle formation should be 
Influenced by both zinc and glycine concentrations indepen­
dently. If zinc uptake by the uredospores was irreversible, 
the vesicle formation response and zinc toxicity would be in­
dependent of glycine concentration and related only to the 
total zinc conoentrstion. If the uptal^e is an equilibrium 
process, vesicle formation and zinc toxicity would be related 
to the free zinc concentration and the total zinc requirement 
would Increase with increasing glycine concentration. The 
data in Table 16 show that the total zinc effective for 
vesicle formation increased with increasing glycine concen­
tration. Similar results were obtained using alanine and 
valine with zinc. 
These observations eliminated the possibility that zinc 
uptake was an irreversible process, but did not clearly 
distinguish between the two remaining alternatives. To 
clarify this matter the free zinc concentration was calculated 
according to equations given by Raaflaub (56), Robin and Crook 
(57), and by Dobbie and coworkers (19), using the affinity 
Constanta determined by Maley and Mellor (47) for zinc-amino 
ecid complexes. The data in Tables 16, 17, and 18 were used 
to construct the graphs in Figures 18, 19, and 20. Vesicle 
formation is plotted as a function of calculated free zinc 
and amino acid concentration. It can be seen that vesicle 
formation was essentially independent of amino acid concen-
6-3 
Table 16. Vesicle formation as a function of zinc and glycine 
concentration at pH 8 
&lycine 
(x 10*"2 M) Vesicle formatlon®^ 
Zn (x 10*® M) 0 1 2 3 4 6 
0 X X 0 
0 X X X 0 
0 X X X X 
0 X X X X 
0 X X X 0 0 
0 X X X 0 
0 X X 0 0 
0 X X X 0 
0 X X X X 
0 0 X 0 0 
Zn (x 10-^ M) 0 2 4 6 8 10 12 
0 0 X X X 
0 X X X X 
• 0 X X X 0 0 
0 X X X 0 0 
Zn (x lO-i> M) 4 8 12 l6 20 24 30 
0 0 0 X X X 0 
0 0 X X X X 
0 0 X X 
Zn (x 10-t) M) 10 to 3o, 40 50 60 70 80 
0 0 X X X X 
0 X X X X 0 0 
Zn (x 10-& M) 20 30 40 50 60 70 80 100 
0 0 X X X X 
OX X X 0 
10 Zn (x 10-^ M) 50 60 70 80 90 100 120 140 160 
0 X X X 0 0 
0 0 0 X X X 
®X - vesicle formation 
0 - no vesicle formation 
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Table 17. Vesicle formation as a function of zinc and 
alanine concentration at pH 8 
Alanine 
(x 10~2 M) Vesicle formation^ 
1 Zn ( x  10-^ iM) 0 1 2 3 4 
0 X x 0 0 
0 X x 0 0 
2 Zn Ix lo-o m) 0 2 4 6 8 10 12 
0 X x X 0 0 
0 X X X X 0 0 
4 Zn  (X  1 0 - M )  8 12 16 20 24 
0 X X X 0 
0 X X X 0 0 
6 Zn ( x  10-«3 m) 10 20 30 40 50 60 
0 X X X X 0 
0 X X X 0 0 
8 Zn  ( x  10-& m) 30 40 50 60 70 80 90 
0 X X X X X 0 
0 x X X 0 X 0 
10 Zn  ( x  10-» M) 40 60 80 100 120 140 
0 0 X X X 0 
0 X X X 0 
®X ~ vesicle formation 
0 - no vesicle formation 
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Table 18. Vesicle formation as a function of sine and 
valine concentration at pH 8 
Valine 
(x 10-2 M) Vesicle formation® 
2 Zn (x 10-5 M) 0 1 2 3 4 5 6 8 10 
0 X X X X 0 0 
0 X X X X X X 0 
4 Zn (x 10-^ M) 0 2 4 8 10 12 16 20 25 
0 0 0 X X X X X 
0 0 0 X X X 0 
6 Zn ix 10-5 M) 12 16 20 24 30 40 50 60 
0 0 X X X 
0 X X X 0 0 
8 Zn (x 10-5 M) 0 10 20 30 40 50 50 70 80 
0 0 0 0 0 X X 
0 0 X X X 0 
.0 Zn (X lP5 M) 0 20 40 60 70 80 90 100 
0 0 0 0 X 0 
0 0 X X 0 
®X - vesicle formation 
0 - no vesicle formation 
tration above the necessary minimum of 1 x 10~^ M. There was 
a narrowing of the range of free zinc effective for vesicle 
formation with increasing amino acid concentration, but no 
good explanation can be offered, at present, for this observa­
tion. The three amino acids used in these experiments had 
very similar effects. The rather small differences can prob-
Figure 18. Vesicle formation as a function of 
glycine end calculated free zinc con­
centration 
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Figure 19. Vesicle formation as a function of 
alexiine and calculated free zinc 
concentration 
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ably be explained on the basis of their different affinities 
for zinc. These results indicated that the amino acids \ere 
acting only as zinc buffers, and were establishing a reservoir 
of zinc without exceeding toxic levels of free zinc. The 
inhibitory concentration of zinc was about 1 x 10"® M (Table 
19) which was about 100 times the concentration of calculated 
free zinc required to give comparable inhibition with amino 
acids present. This indicated that the uredospores were 
capable of binding an appreciable concentration of zinc in 
Table 19. Vesicle formation on 0.001 M THAM buffer, pH 8, 
stimulated by addition of calcium or magnesium 
Vesicle formation®^ 
Zn (x 10*® M) 
Treatment 0 1 2 3 4 
Check 0 0 
Ca 1 X 
1 X 
1 
1 
o
 o
 
r-
i 
H
 
M 
M 
0 
0 
X 
0 0 
Mg 1 X 
1 X 
10-4 
10-3 
M 
M 
0 
X 
X 
X X 
Ca 5 X 
Mg 5 X 
10-5 
10-5 
M 
M 0 X 
Ca 5 X 
Mg 5 X 
t 
1 
o
 o
 
R—T 
r-
i M 
M 0 X X X X 
^•X - vesicle formation 
0 - no vesicle formation 
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equilibrium with the amino acid complex* A similar compari­
son cannot be made for vesicle formation since no vesicle 
formation occurred without added amino acids. 
The caloium or magnesium 
requirement for vesicle formation 
Since calcium or magnesium was required for vesicle forma­
tion on deionized gelatin, but did not seem to be a require­
ment on amino acid solutions, experiments were devised to 
resolve this obvious contradiction. It was observed that 
zinc inhibited germination throughout the vesicle formation 
range of zinc concentrations if THAM buffer was substituted 
for the amino acids. Since calcium and magnesium antagonized 
zinc toxicity, they were added to th6 zinc-THAM buffer solu­
tions. Under these conditions vesicle formation depended 
upon the relative concentrations of zinc and the protective 
cation (Table 19) . Similar results were obtained v/ith low 
concentrations of amino acids, for example, 1 x 10"*^ M glycine 
(Table 20). These experiments suggested that a certain mini­
mum concentration of zinc was required for vesicle formation 
but that in .the absence of antagonistic cations or binding 
agents this required concentration completely inhibited 
germination. 
This conclusion leads to the idea that an amino acid 
might substitute for the calcium or magnesium in permitting 
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Table 20. Vesicle fonnatlon on 0.001 M glycine, pH 8, 
stimulated by addition of calcium or magnesium 
Vesicle formation® 
Zn (x 10-^ M) 
Treatment 0 12 3 4 
Check 0 0 
Ca 1 X 10""^ M 
1 X 10-3 M 
0 
0 
0 
0 
0 
0 0 0 
Mg 1 X l'0-4 M 
1 X 10-3 M 
0 
0 
0 
0 
0 
0 
0 
X X 
Ca 5 X 10-5 14 
Mg 5 X 10-5 M 0 X 0 
Ca 5 X 10~j^ M 
Mg 5 X 10'"^ M 0 0 0 0 X 
- vesicle formation 
0 - no vesicle formation 
vesicle formation on deionized gelatin, but no vesicle forma­
tion has been obtained on a deionized gelatin-glycine-zinc 
medium in spite of several atten$)t8. 
Zinc specificity in vesicle formation 
Because toxicity symptoms always accompanied zinc-induced 
vesicle formation, the idea persisted that perhaps any toxi­
cant could induce vesicle formation if the proper range of 
coacentratlons could be found. Several known toxic metals 
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and metabolic inhibitors were substituted, for zinc in the gly­
cine buffer system. On the basis of preliminary experiments 
a range of concentrations falling in the inhibitory range was 
chosen. Qualitative observations of the effects of these 
compounds were made periodically for two or ttiree days. The 
concentrations of the confounds tested, the conditions of 
the experiments, and the results are shown in Table 21. No 
vesicle formation or indication of vesicle formation was 
observed in these experiments. 
Germination experiments described earlier indicated 
that perhaps alkaj-lne earth elements were required for 
germination although ordinarily a sufficient amount of these 
ions ^^ere bound to the spore to permit maximum germination. 
It was also established that zinc inhibition of germination 
was to some extent antagonized by alkaline earth metals. For 
this reason it was reasonable to assume that the toxic action 
of zinc was due to a displacement of the required elements by 
the zinc. Returning to the previous thought that vesicle 
formation occurred at a point of incipient toxicity, it fol­
lowed that substances which bind calcium and magnesium might 
also displace these elements from their active site on the 
spore, partially inhibit germination and growth, and perhaps 
induce vesicle formation. Potassium citrate and sodium 
bicarbonate were studied for a possible effect on vesicle 
formation. Potassium citrate, 5 to 10 x 10""^ M, pK 5 to 8, 
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Table 21. Germination inhibitors tested for possible 
stimulation of vesicle formetlon at pH 8 
Concentration Germi- Vesicle 
Buffer Inhibitor (x 10~° M) nation formation® 
Glycine Copper 5 XX 0 
0.005 M 10 XX 0 
20 0 
40 0 
Glycine Copper 10 XX 0 
0.01 M 20 X 0 
40 0 
60 0 
80 0 
100 0 
Glycine lodoacetate 10 XX 0 
O.Ql M 20 XX 0 
40 XX 0 
60 XX 0 
80 X 0 
100 0 
Glycine 2,4-dinitrophenol 10 XX 0 
O.OIM 20 X 0 
40 0 
60 0 
80 0 
100 0 
Glycine Actidione 5 XX 0 
0.01 M 10 XX 0 
20 X 0 
40 0 
axx -
X -
0 -
normal geraiination or vesicle formation 
partial inhibition of germination 
no germinevtion or vesicle formation 
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Table 22* Germination and vealcle formation as a function 
of citrate concentration and pH, 10~2 m glycine 
buffer 
Citrate p|| 
%—3 (x 10-'^ M) 6 6 7 8 
Germination® 
Vesicle , 
formation" 
0.5 XX XX XX XX 
1.0 XX XX XX XX 
2.0 X X X X 
4.0 0 0 0 0 
0.5 X X X X 
1.0 X X X X 
2.0 X X X X 
4.0 
®-XX, - normal gerinination 
X - partial inhibition of germination 
0 - no gerniination 
X - vesicle formation 
0 - no vesicle formation 
was fairly effective in inducing vesicle formation, giving 
percentages roughly equiva3.ent to those obtained on zinc-
glyeine media. Nothing in addition to the citrate and its 
counter ion and an ^propriate pH v;as required. Sodium bicar­
bonate induced vesicle formation in a few tests. It is pos­
sible that with extensive investigation more consistent 
results would be obtained. 
These findings indicated that although zinc was not the 
only chemical capable of inducing vesicle formation, its 
action was not that of a general toxicant. If the suggestion 
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that zinc acted by displacing another ion was correct, it 
must have achieved a rather precise balance in relation to 
the normal ions which has not been duplicated by any other 
ion. 
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DISCUSSION 
Germination 
Although zinc is required in small amounts by most organ­
isms, it is also known to be toxic at very low concentrations. 
There is great variability in the levels of zinc reported to 
inhibit the groxvth of various microorganisms (1, 29, 45). The 
concentrations considered to be toxic ranged from 1 x 10"® to 
1 X 10""^ M. This variability seemed to be more closely re­
lated to the other constituents of the medium than to the 
particular organism. This is consistent with the observation 
that zinc inhibition of uredospore germination depended upon 
the composition of the medium. It was first observed that 
the zinc concentration effective for vesicle formation or 
germination inhibition Increased with increasing gelatin con­
centration. In subsequent experiments on deionized gelatin, 
less zinc was required for uredospore germination inhibition. 
In other experiments the germination of uredospores floated 
on zinc solutions was inhibited at about 1 to 2 x 10~® M which 
was still lower than on deionized gelatin. The ability of 
calcium and magnesium to antagonize zinc toxicity on deionized 
gelatin and \i.'ater solution indicated that these cations may 
have had a protective action in the whole gelatin. This 
observation was consistent with the general biological effects 
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of these cations which are known to protect against a variety 
of toxic cations in other microorganisms. 
The interaction between zinc and the alkaline earth 
cations led to further study of their role in germination. 
The shifting of the acid branch of the pH-germination curve 
toward the acid side of the pH range was interpreted as an 
antagonism by calcium and magnesium of "hydrogen ion toxicity" 
in the region of pH 4 to 6. Similar effects have been observed 
in few other fungi, but it is possible that this type of inter­
action was often masked by the high concentrations of inorganic 
nutrients and the complex media commonly used in fungal cul­
ture. 
The use of amino acids to control free zinc concentra­
tion indicated that zinc complexing by gelatin or its hydrol­
ysis products also protected the uredospores against high 
zinc levels. The protective action of whole gelatin v/as prob­
ably due to a combination of lowered free zinc concentration 
due to complexing and antagonism by options impurities in the 
gelatin. 
The accumulated evidence of direct cation Intervention 
in the germination process could lead to an examination of 
their role in metabolism, but time has not permitted any con­
sideration of this problem. The most direct approach would 
be a study of the effects of pH, zinc, and calcium or ma^ie-
slum on cell respiration. The development of a liquid medium 
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suitable for vesicle formation in the course of this investi­
gation and the publication by Forsyth (22) of a method for 
eliminating the effects of volatile uredospore self-inhibitors 
makes such a study possible for the first time. 
Except for the moisture requirement, the conditions for 
germination of uredospores are not so much positive require­
ments as an expression of the need to avoid extremes of pH, 
teii5)erature, and light. These factors are comiaonly studied 
because it is useful to know the tolerance of an organism for 
these conditions which are universally present. 
The pH-activity curves have been used to characterize 
enzymatic reactions and it has been found that the activity 
of an enzyme may vary quantitatively vjith changes in pH. 
These observations have led to the development of equations 
which describe the behavior of enzymes in terms of mass law 
equilibria. Such treatments permit an analysis of the active 
site of the enzyme and types of groups involved in the re­
action {2, 6, 37, 39). 
The similarity between the pH-activity curve for a single 
enzymatic reaction and that of the groi^th of an organism 
leads to the question of whether this type of analysis can be 
used to study the growth of an entire organism. In this study 
an attempt was made to apply equilibrium-mass law concepts 
to the germination process, although it was realized that the 
germination of a uredospore undoubtedly involves a whole 
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series of complex reactions. This analysis was based on the 
assumption that any interference with one of the interrelated 
reactions leaiing to germination would tend to Inhibit the 
entire germination process. If one of these reactions is 
influenced by the external ionic environment, this effect 
will be reflected in the germination response- For this 
reason germination may have the characteristics of the limit­
ing reaction or reactions, and theoretically the germination 
response can be used to analyze segments of the process lead­
ing to germination. A description of germination In terms of 
simple equilibria does not imply that germination is a simple 
reaction but that a single reaction may regulate the entire 
germination process. The constants that were determined for 
the germination of uredospores may be characteristic of a 
single process or they may be a composite of several re­
actions. Since the reaction or reactions characterized by 
these data are unknown the constants are attributed to the 
germination process as a whole. 
Even if the above reasoning is completely valid its 
application may be complicated by permeability barriers or 
compensating mechanisms within the cell which partially pro­
tect it against the treatment and distort the final expres­
sion of the limiting process. 
With this possible restriction, the use of equilibrium 
expressions to describe cellular processes may be Justified 
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from a blologloal point of view, but the restrictions imposed 
by the rules of chemical equilibria must also be considered. 
The use of equilibrium constants Impllea that equilibrium Is 
attained, and that the reactions are freely reversible. This 
point was not adequately examined in this investigation, but 
there is information in the literature on this problem. In 
the experiments of Sussman and Lowry (68) on the binding of 
methylene blue by Neurospora ascospores, it was found that 
several minutes were required for maximum uptake of methylene 
blue and that maximum displacement of methylene blue by other 
cations required on the order of 30 minutes. Rothstein and 
coworkers (58) found that in the surface binding of calcium, 
magnesium, and manganese by yeast cells equilibrium was estab­
lished In a matter of two minutes and no further exchange was 
noted after an hour's equilibration. This point should be 
more thoroughly Investigated using both biological and strict­
ly physical measurements to determine if these reactions are 
truly reversible. The radioactive zinc isotope (Zn 65) could 
be utilized to study zinc uptake under various conditions and 
the reversibility of the reaction. In future experiments care 
should also be taken to provide a constant ionic strength. 
An atteiiipt was made to Interpret zinc inhibition of 
geraiinatlon data arid the effect of zinc on the pH curve on 
the basis of a model similar to that used for the activating 
effects of calcium or magnesium. Unfortunately zinc toxicity 
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Increased with concentration at a rate greater than the sinrple 
equation predicted. Since it v/as also apparent that zinc 
combined with the gelatin to some extent, this may have been 
responsible for some of the discrepancy, but it is also very 
likely that zinc inhibition of germination is more complex 
than the simple nsodel. However, with improved experimental 
conditions and more extensive data, it is possible that a 
suitable model could be found. If this approach is justified, 
it would also be desirable to consider a more general model 
which would include the effects of pH, an activator, and an 
inhibitor. 
Although the precise meaning of the constants is not 
known, it is interesting to compare them with dissociation 
constants of known compounds. The first hydrogen ion dissocia­
tion constant is in the range characteristic of carboxyl or 
phosphate groups, and the second is near the values for amino 
groups. The value for the calcium binding compares well with 
the dissociation constant, 1 x 10""^ M, determined by Rothsteln 
and coworkers (5) for the yeast surface-calcium complex. This 
value is also xi?lthin the range of constants for protein-
calcium binding (26). 
This approach tends to unify many of the cation effects 
on the germination process into a reasonable framework and 
provides a rational basis for a more extensive investigation. 
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Vesicle Formation 
Sharp (63) had tested a nximber of metallic elements ivhlch 
lie near zinc in the periodic table to deternine if other 
cations could induce vesicle formation. The failure of these 
ions to replace zinc under his conditions was considered evi­
dence that zinc influenced germ tube development in a specific 
manner• 
Since zinc was toxic in the range of concentrations which 
induced vesicle formation, it \mB thought that toxic orgenic 
materials might also induce vesicle formation. Although only 
a few such chemicals were tested, no indication of vesicle 
formation was observed. It was also possible that vesicle 
formation was in some manner related to zinc-cslcium antagonism 
and that other compounds which displaced calcium or magnesium 
would also induce vesicle formation. Tlie induction of vesicle 
formation by citrate and carbonate is consistent with this 
idea. Although citrate is not ordinarily considered to be 
toxic, partial inhibition of germination and germ tube elonga­
tion was observed at concentrations which induced vesicle 
formation. At higher concentrations the inhibition was com­
plete. Since it is known that citrete will remove calcium 
from living cells, it is quite possible that ttie removal of 
calcium and magnesium from the cell surface is the reason for 
its toxicity (49). Ilierefore, it wes reasonable to assume 
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that citrate and zinc influence growth and development of the 
uredospore germ tubes by controlling the effective concentra­
tion of calcium and magnesium at the cell surface. 
This explanation cannot account for the specificity of 
zinc, unless the restrictions which accompany zinc induction 
of vesicle formation are also considered. Zinc ia effective 
only v/hen its activity ia carefully controlled by calcium or 
magnesium. The inability of other metallic cations to sub­
stitute may be due to the particular properties of zinc, or 
the conditions which would permit substitution have not been 
discovered. Although inhibition of germination and germ tube 
elongation always accompanies vesicle formrtion, the extent 
of inhibition at maximum vesicle formation is hi^ly variable, 
and seems to depend upon the composition of the medium (Tables 
11, 12, 13). In general, it seems that the least toxicity in 
the vesicle formation range occurs on whole gelatin and the 
most toxicity on the well purified gelatins. This would indi­
cate that the protection given by calcium and magnesium is 
not as effective as that afforded by a more complex medium. 
This idea is consistent with the observation that calcium and 
magnesium combined are more effective zinc antagonists than 
either one alone. Although calcium and magnesium provide 
enough protection to permit vesicle formation, a much laare 
elaborate mixture may be required for maximum germination 
with vesicle formation. 
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The pH optimum for vesicle formation depends upon the 
composition of the medium. Zinc-induced vesicle formation 
occurs near pH 8 on delonlzed gelatin, whole agar, and amino 
acid solutions. The reason for the pH optimum occurring at 
lower pH on whole gelatin is not known. It seemed that some 
ionic material in the whole gelatin was responsible, but Its 
importance did not seem to Justify extensive efforts to iden­
tify the active substance or substances. The pH range for 
citrate-induced vesicle formation has been studied only under 
limited conditions, but it seems to be unusually broad, rang­
ing from pH 5 to 8. 
It is very difficult to relate zinc induction of vesicle 
formation to germ tube differentiation as it occurs on the 
host plant because there is little reason to believe that 
free zinc could be found on an ordinary leaf surface. How­
ever, it is well known that many organic compounds ?re ex­
creted in the water of guttatlon (12, 27). It is conceivable 
that carbonate, citrate and other organic acids might actually 
Influence germ tube growth and differentiation on the host 
plant. The fact that the pH requirement is less restricted 
for citrate Induced vesicle formation is also significant, 
since the pH of a water drop on the leaf surface may be hi^ly 
variable. 
This investigation has suggested several lines of re­
search which might be continued profitably. The induction of 
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vesicle formation by citrate should be studied in greater 
detail and expanded to include other calcium complexing agents 
and this information then applied to a study of the actual 
Invasion of the host plant under controlled conditions. The 
nuclear behavior accompanying zinc or citrate induced vesicle 
formation should be studied for comparison with development 
on the host plant and on artificial membranes (14). The con­
tinued growth of the rusts in culture should also be consider­
ed. The infection hyphae are observed to live longer than the 
straight germ tubes, and it is possible that given a supply 
of the usual nutrients away from the mass of disintegrating 
spores and germ tubes these infection hyphae would continue 
to grow. 
109 
SUMMARY 
fhe germination of uredospores was influenced by divalent 
cations and by organic anions capable of coraplexing the effec­
tive cations. Antagonism between the inhibitory zinc ions 
and the protective alkaline earth cations, calcium and mag­
nesium, was found. The effects of pH were also modified by 
these protective cations. The pH-germination response and 
the interaction with calcium was evaluated quantitatively in 
terms of an equilibrium model. 
The growth and differentiation of the germ tubes was 
also strongly influenced by cations. Zinc in combination 
with antagonistic cations or zinc complexing agents is cap­
able of inducing vesicle formation. The modifying factors 
seemed to act by providing a reservoir of zinc without ex­
ceeding toxic levels of free zinc. Preliminary evidence 
indicated that calcium and magnesium binding agents such as 
citrate induced vesicle formation, "nie pH optimum for 
vesicle formation depended upon the composition of the medium. 
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Table 23. Germination and vesicle formation on "cation 
free" gelatin as a function of calcium, magnesium, 
and zinc concentrations (data from replicate 
experiments) 
Zn Ca (x 10~} M) 10 7.5 5.0 2.5 0 
(x 10-^ M) Mg (x 10*^ M) 0 2.5 5.0 7.5 10 
Germination 0 86 88 93 87 81 
(per cent) 88 87 89 89 63 
81 87 88 83 59 
81 81 84 86 70 
Average 84 86 88 86 68 
4 87 83 83 90 64 
80 83 83 82 56 
76 80 81 77 59 
Average 81 82 82 83 60 
6 79 88 84 81 77 
73 86 84 82 70 
Average 76 87 84 81 73 
8 70 87 85 82 80 
65 81 80 84 77 
66 81 85 84 70 
58 74 79 80 74 
Average 65 81 84 82 75 
10 70 79 86 83 76 
56 79 77 87 80 
Average 63 79 82 85 78 
12 49 70 82 82 73 
50 68 73 64 45 
40 64 66 65 35 
Average 46 67 74 70 52 
119 a 
Table 23. (Continued) 
Zn 
(x 10-5 M) 
Ca 
Mg o
 o
 
1 
1 10 
0 
7.5 
2.5 
5.0 
5.0 
2.5 
7.5 
0 
10 
Vesicle 0 0 0 0 0 0 
formation 
(per cent) 4 2 0 0 0 0 
0 1 0 0 0 
1 0 0 1 0 
Average 1 0 0 0 0 
6 0 3 5 6 0 
2 3 2 0 0 
Average 1 3 3 3 0 
8 0 5 10 6 0 
0 8 5 2 0 
0 4 6 2 0 
1 7 10 3 0 
Average 0 6 8 3 0 
10 0 7 3 3 0 
0 4 7 6 0 
Average 0 5 5 5 0 
12 0 0 3 0 0 
0 2 4 2 0 
0 10 11 3 0 
Average 0 4 6 2 0 
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Table E4. Zinc inhibition of germination on whole gelatin 
{data from three replicate experiments) 
Zn (x 10"^ M) 
0 6 9 12 15 18 
89 91 as 80 70 57 
90 86 89 89 69 56 
89 85 87 87 76 64 
Average 89 87 88 85 72 59 
120 
Table 25. Germination and vesicle formation as a function 
of zinc, calcium, and magnesium concentrations 
Zn ^ Mg ^ Ca (x 10'^ M) 
(x 10-° M) {x 10-^ M) 0 2.5 5.0 7.5 10 
Germination 
(per cent) 
Replication 1 
Germination 
(per cent) 
Replication 2 
0 0 63 83 87 88 81 
2.5 72 83 88 87 86 
5.0 70 84 88 86 83 
7.5 72 83 85 87 82 
10 59 81 88 88 90 
6 0 60 74 80 88 80 
2.5 71 83 82 83 84 
5.0 57 84 83 84 81 
7.5 52 82 81 82 88 
10 56 75 87 82 88 
12 0 45 66 76 55 66 
2.5 52 79 80 81 88 
5.0 72 72 85 87 82 
7.5 67 84 87 83 87 
10 70 82 80 81 81 
18 0 13 38 47 39 50 
2.5 31 69 56 68 73 
5.0 40 60 73 74 76 
7.5 47 64 75 75 69 
10 45 76 79 69 73 
0 0 70 83 79 84 81 
2.5 72 80 83 81 82 
5.0 69 85 84 85 83 
7.5 57 86 87 85 82 
10 70 83 83 86 85 
6 0 46 69 70 82 76 
2.5 46 87 79 80 86 
5.0 21 81 81 85 85 
7.5 40 77 82 83 81 
10 59 71 81 86 83 
12 0 30 51 53 62 58 
2.5 55 81 73 74 78 
5.0 51 84 79 73 86 
7.5 50 80 76 70 79 
10 74 66 78 68 78 
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fable £5. (Continued) 
Zn 
(x 10-5 M) (x 10-^ m; ) 0 
Ca ( 
2.5 
X 10"" 
5.0 
•4 m) 
7.5 10 
Germination 18 0 27 33 31 41 40 
(per cent) 2*5 58 57 62 64 62 
Replication 2 5.0 54 70 66 59 68 
7.5 49 65 71 52 74 
10 35 61 63 58 45 
Vesicle 0 0 0 0 0 0 0 
formation 2.5 0 0 0 0 0 
(per cent) 5.0 0 0 0 0 0 
Replication 1 7.5 0 0 0 0 0 
10 0 0 0 0 0 
6 0 0 0 1 0 0 
2.5 0 0 0 1 0 
5.0 0 1 0 0 0 
7.5 0 0 1 1 0 
10 0 0 0 0 0 
12 0 0 0 0 2 0 
2.5 0 0 2 4 0 
5.0 0 1 6 6 3. 
7.5 0 2 6 2 1 
10 0 1 0 1 1 
18 0 0 0 0 1 0 
2.5 0 0 3 2 1 
5.0 0 0 4 1 3 
7.5 0 2 6 2 3 
10 0 2 3 0 2 
Vesicle 0 0 0 0 0 0 0 
formation 2.5 0 0 0 0 0 
(per cent) 5.0 0 0 0 0 0 
Replication 2 7.5 0 0 0 0 0 
10 0 0 0 0 0 
6 0 0 1 1 0 1 
2.5 0 1 0 0 0 
5.0 0 0 0 0 0 
7.5 0 1 1 0 0 
10 0 0 1 1 0 
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Table 25. (Continued) 
Zn 
(x 10-S M) 
Mg 
(x 10-4 M) 0 
Ca ( 
2.5 
X lO"'^ M) 
5.0 7.5 IC 
Vesicle 12 0 0 0 1 1 1 
rormatlon 2.5 1 5 7 7 2 
(per cent) 5.0 0 3 10 1 2 
Replication 2 7.5 0 3 8 3 3 
10 0 8 8 2 4 
18 0 0 0 1 0 0 
2.5 1 1 4 10 4 
5.0 0 3 11 4 2 
7.5 1 3 9 6 3 
10 0 7 12 3 7 
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Table 26. Ant&gonism of zinc Inhibition of germination by 
calcium, megnesium, snd equimolsr mixtures of 
calcium and magnesium on "cation free" gelatin 
(data from replicate experiments) 
0 
Zn (x 
6 
10"^ M) 
12 18 
Check. 55 9 5 0 
46 6 3 0 
56 5 1 0 
63 10 3 3 
Average 55 7 3 1 
K, 10"^ M 72 14 6 1 
74 11 1 0 
Average 73 12 3 1 
Ca, 10-3 y 87 70 45 33 
85 75 68 40 
83 76 68 36 
Average 85 73 60 36 
Mg, IQ-3 M 81 76 49 25 
76 71 35 12 
85 66 IB 10 
Average 81 71 34 16 
Ca, 5 X lO-f M) 86 90 79 76 
Mg, 5 X 10-"^ M) 85 91 86 76 
Average 85 90 83 76 
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Table 27. Germination on deionized gelatin as a function of 
pH axid sine concentration (data from three 
replicate experiments) 
Zn 
(x 10"° M) 
pH 
8 10 
0 0 18 24 74 77 85 80 39 
0 13 19 60 77 79 86 72 
0 0 40 69 82 88 74 60 
Average 0 10 28 68 79 84 80 57 
3 0 4 1 33 71 77 47 18 
0 0 0 13 70 73 70 29 
0 0 7 15 50 44 51 26 
Average 0 1 3 20 64 65 56 24 
6 0 0 0 4 15 8 5 
0 0 0 0 12 12 12 0 
0 0 2 9 13 14 6 2 
Average 0 0 1 4 12 14 9 2 
Table 28. Germination on whole gelatin as a function of pH 
and zinc concentration (data from two experiments) 
Zn _ £H 
(x 10"° M) 3 4 5 6 ^ 8 9 10 
0 56 71 75 69 76 75 
0 44 62 77 86 71 71 30 
6 25 55 74 73 71 74 
0 18 55 65 66 69 42 10 
12 16 51 78 50 19 9 
0 12 40 57 53 23 0 0 
18 7 39 68 34 0 0 
0 12 24 48 19 7 0 0 
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Table 29. Gemination on whole gelatin as a function of pH 
and various cations 
pH 
Check 
Ca, 10-3 M 
Mg, 10-:^ M 
Ba, 10-3 M 
Mn, 10-'^ M 
Check 
K, 10-3 M 
Ga, 10-J M 
Mg, 10-3 M 
Ca, 5 X 10-4 M) 
Mg, 5 X 10-4 M) 
3 4 5 6 7 8 9 10 11 
0 36 40 90 74 79 73 •33 
0 71 79 82 83 75 21 24 
0 70 80 83 73 81 40 13 
0 63 80 69 78 82 39 20 
0 63 67 63 63 49 16 24 
23 17 57 76 86 81 63 0 
21 60 80 93 87 63 0 
73 80 92 88 83 75 16 0 
69 73 70 83 74 82 17 0 
69 89 89 81 85 78 18 0 
Table 30. Germination as a function of pH, zinc 
concentration and calcium concentration 
Zn SS 
Calcium (x 10"^ M) 3 4 5 6 7 8 9 10 11 
0 0 17 33 65 85 81 81 54 
6 0 0 0 14 18 17 7 3 
12 0 0 0 9 6 0 0 0 
0 0 46 74 78 81 78 77 46 
6 0 3 8 37 53 44 26 0 
12 0 0 0 7 23 0 0 0 
0 0 62 76 84 85 81 57 0 
6 0 41 61 74 73 63 48 0 
12 0 26 50 52 44 30 6 0 
